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Double beta decay is indispensable to solve the question of the neutrino mass 
matrix together with u oscillation experiments. The most sensitive experiment 
since eight years — the HEIDELBERG-MOSCOW experiment in Gran-Sasso — 
already now, with the experimental limit of (m^) < 0.26 eV excludes degenerate v 
mass scenarios allowing neutrinos as hot dark matter in the universe for the small 
angle MSW solution of the solar neutrino problem. It probes cosmological models 
including hot dark matter already now on the level of future satellite experiments 
MAP and PLANCK. It further probes many topics of beyond Standard Model 
physics at the TeV scale. Future experiments should give access to the multi-TeV 
range and complement on many ways the search for new physics at future colliders 
like LHC and NLC. For neutrino physics some of them (GENIUS) will allow to 
test almost all neutrino mass scenarios allowed by the present neutrino oscillation 
experiments. A GENIUS Test Facility has just been funded and will come into 
operation by end of 2001. 



1 Introduction 

Recently atmospheric and solar neutrino oscillation experiments have shown 
that neutrinos are massive. This is the first indication of beyond standard 
model physics. The absolute neutrino mass scale is, however, still unknown, 
and only neutrino oscillationa^aiid neutrinoless double beta decay together can 
solve this problem (see, e.g. BBu). 

In this paper we will discuss the contribution, that can be given by present 
and future QvfSP experiments to this important question of particle physics. 
We shall, in section 2, discuss the expectations for the observable of neutrino- 
less double beta decay, the effective neutrino mass {m^), from the most recent 
v oscillation experiments, which tells us the required sensitivity for future 
OvPP experiments. In section 3 we shall discuss the present status and future 
potential of QvjSjd experiments. It will be shown, that if by exploiting the 
potential of Qv[3l3 decay to its ultimate experimental limit, it will be possible 
to test practically all neutrino mass scenarios allowed by the present neutrino 
oscillation experiments (except for one, the hierarchical LOW solution). 
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2 Allowed ranges of (m) by v oscillation experiments 



After the recent results from Superkamiokande (e.g. see Elrn3), the prospects 
for a positive signal in Oz//3/3 decay have become more promising. The observ- 
able of double beta decay (to) = | Ul^mi \ = \m^ee \ + e*"^^ \rrie} \ + e*'^^ \rri'ee \ 
with [/gj denoting elements of the neutrino mixing matrix, rrii neutrino mass 
eigenstates, and 0i relaiive Majorana CP phases, can be written in terms of 
oscillation parameters Era 
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The effective mass (to) is related with the half-life for 0v(3l3 decay via 
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^ {m^)'^, and for the limit on deducible in an experiment we 



have T°J^ 



ay -^Wb- Here a is the isotopical abundance of the /3/9 emitter; 
M is the active detector mass; t is the measuring time; AE is the energy 
resolution; B is the background count rate. 



10 





10^ 

> -2 
" 10 

G -3 
10 




!o-^[ 

^1 ^2 ^3 

Figure 1. Neutrino masses and mixings in the scheme with mass hierarchy. Coloured bars 
correspond to flavor admixtures in the mass eigenstates i/i , , ■ The quantity (m) is 
determined by the dark blue bars denoting the admixture of the electron neutrino Uei ■ 

Neutrino oscillation experiments fix or restrict some of the parameters 
in (l)-(3), e.g. in the case of normal hierarchy solar neutrino experiments 



yield Atoji, \Uei\ = cos 



sin 6q. Atmospheric neutrinos 



fix AtoI,, and experiments like CHOOZ, looking for i^g disappearance restrict 



'q and \Ue2f — sui pq. 

32, and experiments 1: 
[/esl^- The phases (f>i and the mass of the lightest neutrino, toi are free 
parameters. The expectations for (to) from oscillation experiments in different 
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neutrino mass scenarios have been carefully analyzed i In sections 2.1 to 
2.3 we give some examples. 
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Figure 2. Double beta decay observable (m) and oscillation parameters in the case of the 
MSW large mixing angle solution of the solar neutrino deficit, where the dominant contri- 
bution to (m) comes from the second state. Shown are lines of constant (m), the lowest 
line corresponding to (m^) = 0.001 eV, the upper line to 0.01 eV. The inner and outer 
closed line show the regions allowed by present solar neutrino experiments with 90% C.L. 
and 99% C.L., respectively. Double beta decay with sufficient sensitivity could check the 
LMA MSW solution. Complementary information could be obtained from the search for a 
day-night effect and spectral distortions in future solar neutrino experiments as well as a 
disappearance signal in KAMLAND. 

2.1 Hierarchical spectrum (mi <^ m2 <§C ^.3) 

In hierarchical spectra (Fig. 0) , motivated by analogies with the quark sector 
and the simplest see-saw models, the main contribution comes from m2 or 
TO3. For the large mixing angle (LMA) MSW solution which is favored at 
present for the solar neutrino problem (see Ell) , the contribution of m2 becomes 
dominant in the expression for (m), and 



In the region allowed at 90% C.L. by Superkamiokande according to El, the 
prediction for (m), becomes 



The prediction extends to (m) = 10 ^ eV in the 99% C.L. range (Fig. ||). 





(1^3)- lO-^eV. 



(5) 
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Figure 3. Left: Neutrino masses and mixing in the inverse hierarchy scenario. Right: Neu- 
trino masses and mixings in the degenerate scheme. 
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Figure 4. Summary of values for mee = (m) expected from neutrino oscillation experiments 
(status NEUTRINO2000), in the different schemes discussed in this paper. For a more 
general analysis see [j. The expectations are conmefled with the recent neutrino mass limits 
obtained from the HEIDELBfiRG-MOSp©W DH-i experiment as well as the expected 
sensitivities for the GttpflE £3, MOON E3, EXolj proposals and the 1 ton and 10 ton 
proposal of GENIUS IiMB. 



2.2 Inverse Hierarchy (ms K m-2 ^ nix) 

In inverse hierarchy scenarios (Fig. [s]) the heaviest state with mass ma is 
mainly the electron neutrino, its mass being determined by atrnDspheric neu- 
trinos, 7713 ~ i/Amf^. For the LMA MSW solution one finds □ 

(m) = (1^7)- lO-^eV. (6) 
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2.3 Degenerate spectrum (mi ~ m2 — ms ~ 0.1 eV) 

In degenerate scenarios (fig. |3|) the contribution of is strongly restricted by 
CHOOZ. Tfie main contributions come from mi and m2, depending on their 
admixture to the electron flavors, which is determined by the solar neutrino 
solution. We find El 

TOmin < {m) < nil with (m,„in) — (cos^ 9q — sin^ 0©) m;^. (7) 

This leads for the LMA solution to (m) = (0.25 ~ 1) • mi, the allowed 
range corresponding to possible values of the unknown Majoraiia. CP-phases. 

After these examples we give a summary of our analysis E a of the (m) 
allowed by v oscillation experiments for neutrino mass models in the presently 
favored scenarios, in Fig. ^. The size of the bars corresponds to the uncertainty 
in mixing angles and the unknown Majorana CP-phases. 

3 Status of /3(3 Experiments 

The status of present dpuble beta experiments is shown in Fig. ^ and is ex- 
tensively discussed in I. The HEIDELBERG-MOSCOW experiment using 
the largest source strength of 11 kg of enriched ^^Geiift-iorm of five HP Ge- 
detectors in the Gran-Sasso underground laboratory l3'Ea.|^elds after a time 
of 37.2 kg-y of measurement (Fig. H) a half-life limit of c2lE3 

T°/2 > 2.1(3.5) • 10^5 y, 90% (68%) C.L. 
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Figure 5. Present situation, 2000, and expectation for the future, of the most promising /3/3 
experiments. Light parts of the bars: present status; dark parts: expectation for running 
experiments; solid and dashed lines: o«p*|f«jients under construction or proposed experi- 
ments, respectively. For references see | 
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Figure 6. HEIDELBERG-MOSCOW experiment: energy spectrum m the range between 
2000 keV and 2080 kcV, where the peak from neutrinoless double beta decay is expected. 
The open histogram denotes the overall sum spectrum without PSA after 55.9 kg y of 
measurement (since 1992). The filled histogram corresponds to the SSE data after 37.2 kg 
y. Shown are also the excluded (90% C.L.) peak areas from the two spectra. 



and a limit for the effective neutrino mass of 

(m) < 0.34(0.26) eV, 90% (68%) C.L. 

This sensitivity just starts to probe some (degenerate) neutrino mass models 
(see Fig. ^). In degenerate models from the experimental limit on (m) we 
can conclude an upper bound on the mass scale of the heaviest neutrino. 
For the LMA solar solution we obtain from (7) toi^2,3 < 1-1 eV implying 
^ < 3.2 eV. This first number is sharper than what has recently been 
deduced from single beta decay of tritium (m < 2.2 eV U), and the second is 
sharper than the limit of ^ TOj < 5.5 eV still compatible with most recent fits 
of Cosmic-Microwave Background Radiation and Large Scale Structure data 
(see, e.g. E3). 

The result has found a large resonance, and it has been shown that it ex- 
cludes for example the small angle MSW solution of the solar neutrino problem 
in degeneraijEiijCEnarios, if neutrinos are considered as hot dark matter in the 
universeEZlL3C3l^. This conclusion has been made, before the SMA MSW so- 
lution has been disfavored by the SUPERKAMIOKANDE collaboration in 
June 2000. Figure shows that the present sensitivity probes cosmological 
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Figure 7. Double beta decay observable (m) and oscillation parameters: The case for degen- 
erate neutrinos. Plotted on the axes are the overall scale of neutrino masses mo and mixing 
tan^ 26j^2rT\lso shown is a cosmological bound deduced from a fit of CMB and large scale 
structure Ej and the expected sensitivity of the satpHite experiments MAP and PLANCK. 
The present limit from tritium /3 decay of 2.2 eV til would lie near the top of the figure. 
The range of (m) investigated at present by the HEIDELBERG-MOSCOW experiment is, 
in the caseroif small solar neutrino mixing already in the range to be explored by MAP and 
PLANCK EI. 



models including hot dark matter already now on a level of future satellite 
experiments MAP and PLANCK. It starts to become interesting also in con- 
nection with 'Z-burst' models recently discussed as explap^liauLfor super-high 
energy cosmic ray events beyond the GZK cutoff energyMllaO'ta. 

The HEIDELBERG-MOSCOW experiment, yields now since eight years 
already the by far sharpest limits worldwide. If future searches will show that 
(to) > 0.1 eV, then the three-z^ mass schemes, which will survive, are those 
with V mass degeneracy, and in 4=rieutrino schemes, those with inverse mass 
hierarchy (Fig. ^ and see also ref.El). 

It has been discussed in detail earlier (see e.g.clOiia'Ej ), that of present 
generation experiments no one has a potential to probe (m) below the present 
HEIDELBERG-MOSCOW level (see Fig. |). 

A second experiment using enriched ''°Ge, IGEX, has stopped operation 
by end^of 1999 e3. This experiment already started in 1992 with 2.1 kg of 
"^^Ge EI and operated in 1995 aheady 8 kg of ^^GeN. In 1999 they puLlished 
a measuring time of 5.7 kg y (less than one year of full operation) e3o, and 
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in autumn 99 of about 9 kgyEI (less than one quarter of the HEIDELBERG- 
MOSCOW significance) and an optimistic value for (m), using a method 
criticized. The Milano cryogenic experiment using Te02 bolometers ipiproved 
their valuea_for the {rrijj) from decay of ^'^'^Te, from 5.3 eV in 1994EJ to 1.8 
eV in 2000y, and according tcEJ to 0.9 eV in early 2001. Also QUORICINO 
(with 45 kg of detectors) scheduled for starting in autumn 2001E3Lwill hardly 
reach the HEIDELBERG-MOSCOW limit (see also discussion in O). NEMO- 
HI, originally airoing at a sensitivity of 0.1 eV, reduced their goals recentbt-to 
0.3 0.7 eV (seeEj ), (which is more consistent with estimates given byE3 ), 
to be reached in 6 years from starting of running, foreseen for the year 2002. 

A possibility to pmbe (m) down to ~ 0.1 eV (90% c.l.) exists with the 
GENIUS Test FacilitycJ (see below), which should reduce the background by 
a factor of 30 compared to the HEIDELBERG-MOSCOW experiment, and 
thus could reach a half-life limit of 1.5 • 10^^ y. 



4 Future of /3/3 Experiments 

To extend the present sensitivity of (3 [3 experiments below a limit of 0.1 eV, 
r^ ^ijg |-|ompletely new experimental approaches, as discussed extensively 

Figure ^ shows that an improvement of the sensitivity down to (m) ~ 
10"'^ eV is required to probe all—neutrino mass scenarios allowed by present 
neutrino oscillation experimentalaa. With this result of v oscillation experi- 
ments nature seems to be generous to us since such a sensitivity seems to be 
achievable in future (3(3 pyppT-imPTitig if tViis F"?[^"'^ '^Tp^"^^'^'^ to its ultimate 
limit, as by the GENIUS projectByy^yyeoMyy. 



Jj..! GENIUS, Double Beta Decay and the Light Majorana Neutrino Mass 

With the era of the HEIDELBERG-MOSCOW experiment which will remain 
the most sensitive experiment for the next years, the time of the small smart 
experiments is over. 

The requirements in sensitivity for future experiments to play a decisive 
role in the solution of the structure of the neutrino mass matrix can be read 
from Fig. ^. 

To reach the required level of sensitivity (3(3 experiments have to become 
large. On the other hand source strengths of up to 10 tons of enriched material 
touch the world production limits. At the same time the background has to be 
reduced by a factor of 1000 and more compared to that of the HEIDELBERG- 
MOSCOW experiment. 
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Table 1 lists some key numbers for GENIUS which was the first 

proposal for a third generation double beta experiment, and which may be the 
only project, which will be able to test all neutrino mass scenarios, and of some 
other proposals made after the GENIUS proposal. The potential of some of 
them is shown also in Fig. ^ and Fig. |^. It is seen that not all of these proposals 
fully cover the region taJpe probed. Among them is also the recently presented 
MAJORANA project which does not really apply any new strategy for 
background reduction. For more recent information on XMASS, EXO, MOON 
experimenta^e the contributions of Y_Suzuki, G. Gratta and H. Ejiri in these 
ProceedingsLa. The CAMEO projectEj will have to work on very long time 
scales, also since it has to wait the end of the BOREXINO solar neutrino 
experiment. CUOREEZI has, with the complexity of cryogenic techniques, still 
to overcome spdous problems of background to enter into interesting regions 
of {rriu}- EXOl£d needs still very extensive research and development to probe 
the applicability of the proposed detection method. 

In the GENIUS project a reduction by a factor of more than 1000 down 
to a background level of 0.1 events/tonne y keV in the range of Oz^/3/9 decay is 
reached by removing all material close to the detectors, and by using naked 
Germanium detectors in a large tank of liquid nitrogen. It has bee n sho wn 
that the detectors show excellent performance under such conditionsE^'tHl. 

For technical questions and extensive Monte Carlo simulatioi:is-n£jthe GE- 
NIUS project for its application in double beta decay we refer tal3'EZl. 

4-2 GENIUS and Other Beyond Standard Model Physics 

GENIUS will allow besides the major step in neutrino physics described above 
the access to a broad range of other beyond SM physics topics in the multi- 
TeV range. Already now decay prohea—the TeV scale on which new 
physics should manifest itself (see, e.gJlS'EScSl). Basing to a large extent 
on the theoretical work of the Heidelberg group in the last five years, the 
HEIDELBERG-MOSCOW experiment yields results for SUSY models (R- 
parity breaking, neutrino mass), leptoquarks (leptoquarks-Higgs coupling), 
compositeness, right-handed W mass, nonconservation of Lorentz invariance 
and equivalence principle, mass of a heavy left or righthanded neutrino, com- 
petitive to corresponding results from high-energy accelerators like TEVA- 
TRON and HERA. The potential of GENIUS extends into the multi-TeV 
region for these fields and its sensitivity would correspond to that of LHC or 
NLC and beyond (for details seeErE3c3). 
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5 GENIUS-Test Facility 



Construction of a test facility for GENIUS — GENIUS-TF — consisting of 
~ 40 kg of HP Ge detectors suspended in a liquid nitrogen box has been 
started. Up to end of January 2001, four detectors each of ~ 2.5 kg and with 
a threshold of as low as ^ 500 eV have been produced. 

Besides test of various parameters of the GENIUS project, the test facil- 
ity would allow, with the projected background of 2-4 events/ (kg y keV) in 
the low-energy range, to probe the DAMA evidence for dark matter by the 
seasonal modulation signature within about one year of measurement with 
95% C.L. Even for an initial lower mass of 20Jig_|the time scale would be 
not larger than three years, see (for details seecjo). If using the enriched 
^^Ge detectors of the HEIDELBERG-MOSCOW experiment in the GENIUS- 
TF setup, a background in the 0i^/3/3 region a factor 30 smaller than in the 
HEIDELBERG-MOSCOW experiment could be obtained, which would 
to test the effective Majorana neutrino mass down to 0.15 eV (90% C.L.)c 
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Figure 8. Conceptual design of the Genius TF. Up to 14 detectors will be housed in the 
inner detector chamber, filled with liquid nitrogen. As a first shield 5 cm of zone refined 
Germanium will be used. Behind the 20 cm of polystyrene isolation another 35 cm of low 
level lead and a 15 cm borated polyethylene shield will complete the setup. 
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Table 1. Some key numbers of future double beta decay experiments (and of the 
HEIDELBERG-MOSCOW experiment). Explanations:!-^ |^spT(nrmgr+lne background ofrtHpe 
present pilot project. ** - with matrix element from cB, c3, liZI, lla, C3 (see Table II inE3). 
A -rfhis case shown to demonstrate the ultimate limit of such experiments. For details 
see 



Isoto- 
pe 


Name 


status 


iviass 
{ton- 
nes) 


Assumed 
backgr. 
^ events / 
kg y keV, 
J events/kg 
V FWHM 

y J- V V ± X1V± • 

* events 
/yFWHM 


Run— 

TLITIQ 

Time 
(tonn. 

y cxL o J 


Results 
limit for 

half-life 


(eV) 


•^SGe 


HEIDEL- 
BERG 
MOgOW 


run- 
ning 
since 
1990 


0.011 
(enri- 
ched) 


t 0.06 

t 0.24 

* 2 


37.24 

kg y 


2.1 ■ 10^^ 
90% c.l. 
3.5 10^^ 
68% c.l. 
NOW !! 


< 0.34 ** 
90% c.l. 

< 0.26 ** 
68% c.l. 
NOW !! 


iooMo 


NEM€) III 


under 
end 2001 ? 


~0.01 
-ched) 


t 0.0005 

1 0.2 

* 2 


50 
kg y 




0.3-0.7 




CUIJEV 


idea 
since 1998 


0.75 
(natural) 


t 0.5 
t 4.5/* 1000 


5 


9 ■ 1024 


0.2-0.5 


laorpe 




idea 
since 1998 


0.75 
(natural) 


t 0.005 
1 0.045/ * 45 


5 


9 ■ 10^5 


0.07-0.2 






idea 
since 1999 


10 (enrich.) 
100(nat.) 


? 


30 
300 


7 


0.03 




CAMEOI|)-| 
CAMEOIILa 


idea 
since 2000 


0.65 
l(enr.) 


* 3. 

7 


5-8 
5-8 


1026 
1027 


0.06 
0.02 


i^^Xe 


EXO 
ii 


Proposal 
since 
1999 


1 

10 


* 0.4 

* 0.6 


5 

10 


8.3 ■ 1026 
1.3 ■ 102** 


0.05-0.14 
0.01-0.04 


■^"Ge 


GENIUS 

gg 


under 
constr. 
end 2001 ? 


11 kg 
(enr.) 


t 6 ■ 10-3 


3 


1.6 • 10^^ 


0.15 


7«Ge 




Pro- 
posal 
since 
1997 


1 

(enrich.) 
1 


t 0.04 ■ 10-3 
t 0.15 ■ 10-3 
* 0.15 
* 1.5 


1 

10 


5.8 ■ 10^'' 
2 ■ 10^^ 


0.02-0.05 
0.01-0.028 


7SGe 




Pro- 
posal 
since 
1997 


10 

(enrich.) 


t 0.15 ■ 10-3 
0^ 


10 
10 


6 10^^ 
5.7- 10^" 


0.006 - 
0.016 
0.002 - 
0.0056 
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This limit is similar to what some much larger experiments aim at (Table 1). 

Table 2.[-fiome of the new projects under discussion for future double beta decay experiments 
(see ref.B)- 



NEW PROJECTS 




BACKGROUND 
REDUCTION 


MASS 
INCREASE 


POTENTIAL 
FOR DARK 
MATTER 


POTENTIAL 
FOR SOLAR 
V s 


GENIUS 


+ 


+ 


+ 


_|_ *) 


CUORE 


( + ) 


+ 






MOON 


( + ) 


+ 




+ 


EXO 


+ 


+ 






MAJORANA 




+ 






*) real time measurement of pp neutrinos 
with threshold of 10 keV (!!) 



6 Conclusion 

Nature is extremely generous to us, that with an increase of the sensitivity 
by two orders of magnitude compared to the present limit, down to (rnjy) < 
10"'^ eV, indeed essentially all neutrino scenarios allowed by present neutrino 
oscillation experiments can be probed by double beta decay experiments. 

GENIUS is the only of the new projects (see also Table 2) which exploits 
double beta decay to this ultimate limit. It is also the only one which simul- 
taneously has a huge potential for colijiaxk. mattoi: jSearch, and for real-time 
detection of low-energy neutrinos (seeyea'E3'BElo.El) . 
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